Phytochrome-imposed down-regulation of the expression of its own phytochrome A gene (PHYA) is one of the fastest light-induced effects on transcription reported in plants to date. Functional analysis of the oat PHYA3 promoter in a transfection assay has revealed two positive elements, PE1 and PE3, that function synergistically to support high levels of transcription in the absence of light. We have isolated a rice cDNA clone (pR4) encoding a DNA binding protein that binds to the AT-rich PE1 element. We tested the selectivity of the pR4-encoded DNA binding activity using linker substitution mutations of PE1 that are known to disrupt positive expression supported by the PHYA3 promoter in vivo. Binding to these linker substitution mutants was one to two orders of magnitude less than to the native PE1 element. Because this is the behavior expected of positive factor 1 (PFl), the presumptive nuclear transcription factor that acts in trans at the PE1 element in vivo, the data support the conclusion that the protein encoded by pR4 is in fact rice PF1. The PF1 polypeptide encoded by pR4 is 213 amino acids long and contains four repeats of the A-T hook DNA binding motif found in high-mobility group I-Y (HMG I-Y) proteins. In addition, PF1 contains an 11-amino acid-long hydrophobic region characteristic of HMG I proteins, its N-terminal region shows strong similarities to a pea H1 histone sequence and a short peptide sequence from wheat HMGa, and it shows a high degree of similarity along its entire length to the HMG Y-like protein encoded by a soybean cDNA, SB16. In vitro footprinting and quantitative gel shift analyses showed that PF1 binds preferentially to the PE1 element but also at lower affinity to two other AT-rich regions upstream of PE1. This feature is consistent with the binding characteristics of HMG I-Y proteins that are known to bind to most runs of six or more AT base pairs.
INTRODUCTION
Plants have severa1 photoreceptors, such as the blue light receptor, the UV receptor, and phytochrome, that regulate growth and development (Kendrick and Kronenberg, 1986) .
Phytochrome is by far the best characterized of these receptors. Phytochrome is a family of photoreceptors designated as phytochromes A, B, C, D, and E (Quail, 1991) , each consisting of a protein with a covalently linked chromophore. This holoprotein has the characteristic property of existing in two photointerconvertible forms: Pr, which absorbs maximally in the red region (666 nm) and Pfr, which absorbs maximally in the far-red region (730 nm) of the spectrum. After absorption of a photon, Pr is converted to Pfr and vice versa. This property of photoconvertibility allows the molecule to perform its Current address: Instituto de Biotecnología, Universidad Nacional Autónoma de MBxico, apdo. postal 510-3, Cuernavaca, Mor. 62271, MBxico.
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regulatory function. Phytochrome is synthesized de novo as Pr, and photoconversion to Pfr can induce dramatic changes in the patterns of gene expression Thompson and White, 1991) . These changes eventually result in new patterns of development, such as seed germination, deetiolation, stem elongation, and flowering. lmmediate conversion back to the Pr form prevents the induction of many of these responses (Kendrick and Kronenberg, 1986) . One of the most rapid light-mediated effects on transcription reported to date is the down-regulation by phytochrome of the transcription of its own phytochrome A gene (PHYA) (Lissemore and Quail, 1988) . This phenomenon has been used as a model to understand how phytochrome controls gene expression. The development of a transient expression assay in rice seedlings using oat PHYA3 gene promoter-chloramphenicol acehltransferase fusion constructs has made possible the functional analysis of this promoter (Bruce et al., 1989) . Using this approach, it has been demonstrated that three positive elements, designated PE1 (-367 to -346 bp), PE2 (-635 to -489 bp), and PE3 (-111 to -81 bp) , are involved in highlevel expression in cells that have received either no light or a terminal far-red light pulse (low-Pfr cells) . PE1 and PE2 are functionally redundant, and PE3 interacts synergistically with either PE2 or PE1 for activity. In addition, one negative element, designated RE1, has been shown to repress transcription in cells that have received a terminal red light pulse (high-Pfr cells) (Bruce et al., 1991) . In the rice PHYA promoter, which behaves similarly to the oat PHYA3 promoter, no element with sequence similarity to the oat PE1 motif is present. Instead, an ensemble of GT box motifs has been shown to be involved in positive regulation of this promoter (Dehesh et al., 1992) .
To characterize protein-DNA interactions involved in the expression of the rice PHYA gene, we have previously isolated and characterized a cDNA clone encoding a protein, designated GT-2, that binds in sequence-specific fashion to the GT box ensemble (Dehesh et al., 1990 (Dehesh et al., , 1992 . In this work, we report the isolation and characterization of the DNA binding activity of cDNA-encoded rice proteins that bind to the PE1 element of the oat PHYA3 gene promoter.
RESULTS

Isolation of Rice cDNA Clones Encoding Proteins That Bind to the AT-Rich DNA Element PE1
A Xgt11 cDNA expression library prepared from poly(A) + RNA isolated from etiolated rice seedlings was screened with a double-stranded synthetic oligonucleotide (O-PE1) containing the sequence of the PE1 region of the oat phyA3 promoter, as shown in Figures 1A and 1B. Screening a total of 750,000 recombinant phage yielded two clones expressing proteins that bound selectively to the (A) Structural organization of the oat PHYA3 gene promoter indicating the locations and sequences of the functionally defined c/s-acting elements PE1, PE3, and RE1 (Bruce et al., 1991) .
(B) Sequences of oligonucleotide probes. Probe O-PE1 contains the sequence of PEL Probes O-614, O-615, and O-616 have the sequences of linker substitution mutants of the PE1 region that disrupt positive expression of a PHYA3 gene promoter-reporter chimeric construct in gene transfer experiments (Bruce et al., 1991) . Boxes delimit the PE1 region in O-PE1 and the base substitutions in 0-614, 0-615, and 0-616. Lowercase letters indicate changes made in the sequence of the PE1 region in O-614. O-615, and O-616. (C) Autoradiograms of the filter binding assay made to test the binding of pR2 and pR4 clones and a Xgt11 nonrecombinant phage to synthetic oligonucleotides whose sequences are indicated in (B). E. co/i Y1090 cells were infected with pR2 or pR4 phages or a Xgt11 nonrecombinant phage, plated on Petri dishes, and grown to confluence. Plaque-lift filters were prepared from each plate, cut into four quarters, and further processed by filter binding assay, as described in Methods. The diagram at the right shows the probes utilized for hybridization to each quarter filter. Specific activities (10 a cpm/ng of DNA) of probes were O-PE1, 1.6; 0-614, 1.7; O-615, 1.9; O-616, 2.1. (D) Quantitation of the amount of radiolabeled probe bound to filters containing recombinant proteins expressed by pR2 and pR4 clones. Sequences of oligonucleotide probes O-PE1, O-614, O-615, and 0-616 utilized in this assay are shown in (B). Quantitation of the binding activity is expressed as the percentage of the amount of radioactivity bound to each filter divided by the amount of radioactivity bound to the O-PE1 filter.
after tertiary screening. The two positive clones were designated pR2 and pR4. To confirm the binding selectivity of the positive clones, a filter binding assay was performed with the O-PE1 oligonucleotide and with oligonucleotides carrying linker substitution mutations in PE1, designated O-614, O-615, and O-616 , the sequences of which are shown in Figure 1B . Because these linker substitution mutations caused the loss of expression of a reporter gene in a rice seedling transient expression assay (Bruce et al., 1991) , we reasoned that the binding to DNA of factors involved in transcription of the oat PHYA3 gene in rice seedlings should be affected as well by these mutations. Figures 1C and 1D show that binding of O-614, O-615, and O-616 oligonucleotides to the recombinant protein expressed by pR4 was between 0.5% and 26% of the level of binding of O-PE1. This result demonstrates that pR4 encodes a DNA binding protein, designated R4, with the characteristics expected of positive factor 1 (PF1), the nuclear factor that presumably interacts with the PE1 region in vivo to facilitate enhanced transcription. Binding of all mutant oligonucleotides to R2, the pR2-encoded recombinant protein, ranged between 10% and 16% of O-PE1. However, the absolute binding activity of O-PE1 to the recombinant protein encoded by pR2 was one order of magnitude lower than to the one encoded by pR4 (data not shown). Furthermore, sequence analyses of pR2 and pR4 demonstrated that they were unrelated and that the pR4-encoded protein was a cognate of pO2, an oat cDNA independently isolated for its binding activity toward 0-PE1 (J. Nieto-Sotelo and PH. Quail, unpublished data). Therefore, we concentrated our attention on the pR4 clone in subsequent studies.
Characterization of the pR4-Encoded PF1 Protein
The 1-kb pR4 cDNA insert was subcloned into the expression vector pPO-9. Total extracts from isopropyl-p-D-thiogalactopyranoside (IPTG)-induced or noninduced Escherichia co//cells transformed with the recombinant plasmid in both orientations were made. Gel blot analysis of these extracts, shown in Figure 2 , demonstrates that the subclone containing the cDNA insert in the sense orientation produced a protein with an apparent molecular mass of 36 kD on SDS-PAGE and that this protein bound to the O-PE1 DNA probe. No binding to the O-PE1 probe was observed with either extracts obtained from IPTG-induced bacteria expressing the pR4 cDNA in antisense orientation or from uninduced bacteria expressing the pR4 cDNA in sense orientation.
RNA gel blot analysis of poly(A) + RNA isolated from rice seedlings using the pR4 cDNA insert as a probe detected an mRNA of 1 kb, suggesting that the cDNA insert is close to full length (data not shown). To assess this possibility directly, we raised polyclonal antibodies against the PF1 polypeptide encoded by pR4. These polyclonal antibodies recognized two proteins in rice nuclear extracts with apparent molecular masses of 34 and 26 kD. As shown in Figure 3A , the larger polypeptide recognized by these antibodies was Total protein extracts from IPTG-induced or noninduced cultures of sense or antisense orientation constructs in vector pPO-9 transformed in E. coli BL21(DE3) cells were separated by SDS-PAGE and transferred onto nitrocellulose. Filters were denatured/renatured and incubated with a radiolabeled O-PE1 concatenated probe (see Figure 1B) , as described in Methods. The arrow shows the position of the protein bound to O-PE1. Molecular mass markers are given at right in kilodaltons.
indistinguishable in size from in vitro-synthesized recombinant PF1. Figure 3B shows an autoradiogram of the 35 S-labeled in vitro-synthesized PF1 whose signal superimposes that of the PF1 detected by immunoblotting. The nature of the 26-kD polypeptide in nuclear extracts is uncertain, but it may represent (1) a proteolytic product of PF1 caused during extract preparation, (2) another protein with epitopes recognized by anti-PF1 antibodies, or (3) a mature PF1 polypeptide that has been processed in vivo from a 34-kD form.
The fact that nuclear and in vitro-synthesized PF1 comigrate as 34-kD polypeptides indicates that pR4 encodes a full-length PF1. The size of both nuclear and in vitro-synthesized recombinant PF1 (Figure 3 ) is smaller by 2 kD than recombinant PF1 expressed from vector pPO-9 (Figure 2 ). This difference in molecular mass is explained by the fact that the PF1 recombinant protein expressed in the pPO-9 vector (Figure 2 ) has 20 extra amino acids at the N terminus compared to the in vitro-synthesized product (Figure 3 ). These 20 extra amino acids are encoded by sequences between the ATG codon and the EcoRI cloning site in pPO-9, by the EcoRI adaptor used for subcloning pR4 cDNA, and by the 34 bp upstream of the first ATG codon of pR4 cDNA.
Characterization of Recombinant PF1 DNA Binding Activity
A gel mobility shift assay was performed in 6% polyacrylamide gels with protein extracts from bacteria expressing recombinant PF1 and the 300-bp oat PHYA3 promoter fragment containing the PE1 region shown in Figure 4 (P-PE1 [positions -415 to -116]). As shown in Figure 5 , the assay revealed a single protein-DNA complex ( Figure 5 , lanes 1,2, and 3) that was absent in reactions containing protein extracts from bacteria expressing pR4 cDNA in antisense orientation (data not shown). The binding of PF1 to P-PE1 was also compared in this assay to the binding to 300-bp fragments of the same region of the promoter containing the same linker substitution mutations within PE1 as those shown in Figure 1B . Figure 5 shows that complex formation between recombinant PF1 and P-PE1 (lanes 1 to 3) requires lower protein concentration than complex formation with any of the promoter mutations (lanes 4 to 12). These results suggest that binding of PF1 to this 300-bp promoter fragment takes place mostly within the PE1 region, although some interaction may still occur outside PE1 at high protein concentration, because some complex formation is seen with P-615 and P-616 in the lanes containing 5 u,g of protein extract ( Figure 5, lanes 9 and 12) .
In a 10% polyacrylamide gel system, two protein-DNA complexes, one major (B1) and one minor (B2), were resolved with a bacterial extract containing recombinant PF1 and an endlabeled P-PE1 probe, as shown in Figure 6 (lane 1). The molecular basis for these two complexes has not been determined, but one possibility is that the stoichiometry of the two complexes may be different, with B2 perhaps having a lower molar ratio of protein to DNA than the B1 complex. Competition experiments using end-labeled P-PE1 and recombinant PF1 showed that both protein-DNA complexes are strongly reduced in the presence of an excess of nonlabeled oligotrimers of PE1 (OT-PE1) ( Figure 6 , lanes 2 and 3). By contrast, oligotrimers of the linker substitution mutations of PE1, OT-614, OT-615, and OT-616, did not block formation of either of the two protein-DNA complexes ( Figure 6 , lanes 4 to 9). Curiously, OT-614 and OT-615 enhanced protein-DNA complex formation, especially the B2 complex (lanes 4 to 7). In contrast, OT-616 did not seem to either block or enhance protein-DNA complex formation (lanes 8 and 9). These results indicate that PF1 has a higher affinity toward P-PE1 than to any of the mutant oligotrimers. At present, we do not understand the reason for the enhancing effect of OT-614 and OT-615.
In vitro footprinting using DNase I was performed to determine the sequence selectivity of recombinant PF1 binding to a 259-bp DNA fragment containing sequences of the oat PHYA3 promoter region between -415 and -307 bp (Figure 4) . Figure 7 shows that recombinant PF1 protects three distinct segments within this promoter fragment in the region -396 to -347 (lanes 4 and 5). Part of this protected region (-347 to -358 and -363 to -368) Box represents the PE1 region (see Figure 1A ) (Bruce et al., 1991) . Underlined bases indicate regions protected by recombinant PF1 in the in vitro footprinting experiment; the results are shown in Figure  7 . This sequence was obtained by Hershey et al. (1987) . Mobility shift analysis was performed with or without extracts from bacteria overexpressing recombinant PF1 protein and equal amounts of cpm of end-labeled 300-bp probes containing the oat PHYA3 gene region between -415 bp and -116 bp (P-PE1), as shown in Figure 4 , or 300-bp probes of the same promoter region containing linker substitutions within PE1 (P-614, P-615, and P-616), as shown in Figure 1B . Lanes 1, 4, 7, and 10, no protein extract; lanes 2, 5, 8, and 11, 2.5 ng of protein extract; lanes 3, 6, 9 and 12, 5 ng of protein extract. Probes were labeled to approximately the same specific activities (cpm/fmole of DNA): P-PE1, 506; P-614, 505; P-615, 393; P-616, 617. Samples were resolved on a 6% polyacrylamide-1 x Tris-borate-EDTA gel. F, free probe; B, protein bound to DNA complex.
upstream of the PE1 region ( Figure 4 ) are also protected. Protection was not seen with protein extracts prepared from bacteria expressing pR4 in antisense orientation ( Figure 7 , lanes 7 and 8). Together, the data in Figures 1C , 5, 6, and 7 indicate that PF1 can bind to AT-rich DNA sequences other than PE1 but that the factor has highest affinity for PE1 of the AT-rich motifs in the PHYA3 promoter.
Sequence Analysis of PF1
The pR4 cDNA insert was sequenced by the dideoxynucleotide chain termination method. Figure 8 shows the nucleotide and predicted amino acid sequence of PF1. The cDNA has a length of 953 bp, and the largest open reading frame is in frame with the Xgt11 p-galactosidase gene. Assuming the first in-frame ATG after the p-galactosidase sequence at nucleotide 35 to be the initiator codon, this open reading frame spans 639 nucleotides in length, followed by a stop codon and 311 nucleotides of 3' noncoding region not showing a poly(A) tail. The amino acid sequence derived from the largest open reading frame contains 213 amino acids with a calculated molecular mass of 21.7 kD. This size differs from that of the apparent molecular mass of 34 kD determined by SDS-PAGE of both the rice nuclear protein and the PF1 recombinant protein made in vitro. The reason for this discrepancy is not clear, but it may be due in part to the structural composition of the protein. PF1 is 24% alanine and 17% proline with a calculated pi of 10.7 due to the abundance of arginine and lysine residues.
Inspection of the predicted protein sequence indicates the absence of certain of the better known DNA binding motifs like the zinc finger, basic-leucine zipper, helix-turn-helix, or other motifs characteristic of eukaryotic transcription factors. Also noticeable is the absence of acidic activation domains arranged in amphipathic a-helices as in GAL4 protein and other transcription factors (Ptashne, 1988) . A dot plot analysis of the protein sequence compared to itself revealed four internal repeats of nine amino acids in length present in the C-terminal half of the protein (data not shown). The consensus sequence for these four repeats is K/PRG/ARGRPPK (Figure 8) .
A search of the GenBank and EMBL data bases revealed a 47% similarity (30% identity) to histone H1 from pea (Gantt and Key, 1987) when the whole PF1 sequence was used for comparison. Interestingly, none of the similarities resides within any of the four internal repeats of PF1. Instead they seem to be distributed along the entire length of the protein with a peak of conservation in the N-terminal end (data not shown). When a comparison to the data base was made with the sequence of the two identical nanopeptide repeats 1 and 4 of PF1 (amino acid residues 98 to 106 and 192 to 200), a 100% match to this nanopeptide sequence was obtained with two asparagine-rich antigens of unknown function from Plasmodium falciparum (L. Schreiber, U. Deutsche, T. Storck, and D. Mueller-Hill, unpublished data, in GenBank and EMBL accession numbers X17485 and X17488). In addition, a match of eight of nine identical amino acids was found (1) 7) , and O-616 (OT-616) (lanes 8 and 9) were added at 350 x molar excess (lanes 2, 4, 6, and 8) or 700 x molar excess (lanes 3, 5, 7, and 9) in addition to an endlabeled 300-bp oat PHYA3 promoter fragment (-415 to -116 bp) (P-PE1), as shown in Figure 4 , and 2 ng of protein extract from bacteria overexpressing PF1. Lane 1 (-), control plus labeled 300-bp promoter fragment and 2 ng of protein extract, without unlabeled oligotrimers. Oligomonomer sequences corresponding to oligotrimers used in this experiment are shown in Figure 1B . Samples were resolved on a 10% polyacrylamide-1 x Tris-borate-EDTA gel. F, free probe; B1 and B2, complexes between protein and DNA. A DNase I protection assay was performed by using a 259-bp DMA fragment (containing the region of the oat PHYA3 gene promoter at positions -415 to -307 bp [see Figure 4 ] plus pBluescript SK+ sequences between Sail and Pvull sites) labeled at the Bam HI site. Labeled fragment was incubated with DNase I in the absence of bacterial extract or in the presence of bacterial extract obtained from cells overproducing recombinant PF1 or overexpressing pR4 cDNA in the antisense orientation, as described in Methods. Lanes 1 and 2 (G, G/A), G and G+A Maxam and Gilbert sequencing reactions; lanes 3,6, and 9, reactions with no bacterial extract added (0); lanes 4 and 5, reactions with 5 and 10 |ig of bacterial extract obtained from cells overproducing PF1, respectively (PF1); lanes 7 and 8, reactions with 5 and 10 ng of bacterial extract obtained from cells overexpressing pR4 cDNA in the antisense orientation, respectively (A).
Saccharomyces cerevisiae encoded by the SNF2 protein gene (Laurent et al., 1991) that shows functional interdependence with SNF5 and SNF6 proteins in transcriptional activation, (2) with a developmental^ regulated mRNA of Dictyostelium discoideum (Shaw et al., 1989) , and (3) with the mammalian high-mobility group I-Y (HMG I and HMG Y) proteins (Eckner and Birnstiel, 1989; Johnson et al., 1989) . A more recent search of the GenBank and EMBL data bases revealed a 100% match to the soybean HMG Y-a and HMG Y-b sequences in this region (Laux et al., 1991) . This amino acid repeat, present in all HMG I and HMG Y proteins, constitutes their DMA binding domain, and because it binds to dA-dT-rich DMA, it has been termed the A-T hook (Reeves and Nissen, 1990) . Figure 9 shows a comparison of the amino acid sequences of rice PF1 reported here to the human and soybean HMG I and HMG Y proteins. The two soybean HMG Y proteins show higher identity to PF1 (54% identity; 66% similarity) than do their mammalian counterparts to PF1 (27% identity; 37% similarity). The soybean HMG Y proteins and rice PF1 have additional N-and C-terminal sequences absent in the mammalian proteins. The alignment also shows three small gaps of 10, 9, and 14 amino acids in length in the soybean HMG Ys relative to the rice PF1 sequence (amino acids 6 to 15,109 to 117, and 166 to 179 of PF1 sequence, respectively). The second gap is a short hydrophobic region characteristically present in mammalian HMG I proteins and absent in HMG Y. The presence of this hydrophobic region in PF1 suggests that it is more HMG I-like.
Rice PF1 also shows a high degree of similarity to a wheat HMGa peptide sequence obtained by Arwood and Spiker (1990) from purified protein. The sequence from amino acid 28 to 48 of rice PF1 shows 90% similarity (81% identity) to the sequenced 21-amino acid-long peptide of the wheat HMGa (Arwood and Spiker, 1990) . This N-terminal sequence is found in the region of higher similarity to histone H1 and is more conserved between rice PF1 and wheat HMGa than between wheat HMGa and soybean HMG Y-a (76% similarity; 62% identity).
Two C-Terminal A-T Hooks Are Dispensable for High-Affinity Binding to DNA
Synthetic oligopeptides corresponding to a single AT hook are capable of binding to DNA (Reeves and Nissen, 1990) . The presence of multiple DNA binding domains in PF1 raises the question of how many AT hooks are necessary for high-affinity binding of this protein to P-PE1. Mobility shift assays were performed with PF1 or C-terminal deletions of PF1 made in vitro using the 300-bp end-labeled P-PE1 fragment as target DNA. Four C-terminal deletions, ACl, AC2, AC3, and AC4, were tested. These deletions contain three, two, one, or no A-T hooks, respectively, as shown in Figure 1OA . Figures 10B and 1OC show the in vitro transcription-translation products of reactions using as templates the antisense pR4 cDNA, the full-length pR4 cDNA in sense orientation, and the ACl, AC2, AC3, and AC4 deletions. As previously observed with the full-length PF1 made in vitro, the apparent molecular mass of all polypeptides in the Tricine-SDS gel system utilized in this experiment was larger than the predicted one based on sequence information ( Figure 1OA ). It was observed that as deletions progressed toward the N terminus, the discrepancy between predicted and apparent molecular masses was smaller. This was in correlation with the gradual removal of both the A-T hooks and the proline-and alanine-rich regions found in the C-terminal half of the protein. The product of the AC4 deletion is better observed in Figure 1OC after a fourfold dilution of the samples shown in Figure 106 . The AC4 protein comigrates with the most abundant protein in the rabbit reticulocyte lysate system, which apparently competes for binding sites during membrane transfer and therefore results in a diminished signal after transfer.
The results of the binding assay shown in Figure 10D indicated that PF1, ACl, and AC2 proteins retarded the mobility of the P-PE1 probe (lanes 3, 4, and 5). Therefore, deletion of the two C-terminal A-T hooks had no discernible effect on protein-DNA complex formation. Removal of three or more A-T hooks as in AC3 and AC4 resulted in loss of detectable protein-DNA complex formation in this assay (lanes 6 and 7).
Superficially, these data suggest that removal of three or more A-T hooks from PF1 leads to loss of DNA binding activity. However, because we have no direct evidence that any AC3 or AC4 protein-DNA complexes would be resolved from the free probe under these assay conditions, the data do not unequivocally support this conclusion.
DISCUSSION
By screening an expression library from rice using a DNA probe with the sequence of the oat PHYA3 promoter PE1 element,
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we have isolated two different cDNA clones, pR2 and pR4, encoding DNA binding proteins. Here, we have chosen to report on the characterization of clone pR4 because its absolute binding affinity toward the PE1 element is an order of magnitude higher than that of pR2. The data indicated the pR4 encodes a protein with DNA binding characteristics expected of PF1, the presumptive nuclear factor that enhances PHYA3 gene transcription in vivo through binding to PEl. We therefore define the pR4-encoded protein as rice PF1. The data supporting this conclusion were derived from severa1 complementary types of experiments. First, we compared the binding to PE1 of synthetic oligonucleotides containing the O-PE1 sequence or mutations of PE1 (O-614,O-615, and 0-616) that are known to disrupt expression of a reporter gene driven by the PHYA3 promoter in a rice transient expression assay (Bruce et al., 1991) . Binding of O-PE1 was one to two orders of magnitude higher than binding of the mutant oligonucleotides ( Figure 1D ).
Additional DNA binding assays (Figures lC, 5, 6 , and 7) showed that although PF1 can bind other AT-rich sequences upstream of PE1 in the oat PHYA3 promoter, it binds to PE1 with higher affinity. Direct evidence that binding occurs outside of PE1 was obtained by in vitro footprinting of the oat fHYA3 promoter. Protection occurred within the PE1 region (-347 to -358 and -363 to -368 bp) as well as in two other AT-rich regions just upstream of the PE1 region (positions -374 to -385 and -387 to -396) ( Figure 7 ). Oat nuclear protein extracts used previously in in vitro-footprinting experiments also protected both the PE1 region and the two AT-rich regions at positions -374 to -385 and -387 to -396 (Bruce et al., 1991) . However, when we used quantitative mobility shift assays to compare the binding to PF1 of a 300-bp oat PHYA3 promoter fragment containing P-PE1 with linker substitution derivatives of PE1 in the same promoter fragment (P-614, P-615, and P-616), we observed that although some binding occurred at high protein concentrations to P-615 and P-616, binding was greatest at low protein concentrations to the wild-type P-PEl ( Figure  5 ). In addition, in competition experiments, wild-type OT-PE1 was able to compete effectively with the binding of PF1 to P-PE1, but none of the mutant derivatives of PE1 (OT-614, OT-615, and OT-616) was able to do so ( Figure 6 ).
Overall these data indicate that although PF1 can bind to AT-rich DNA sequences other than PE1, the protein has highest affinity for PE1 among the AT-rich motifs in the PHYA3 promoter. in (8). The protein blot was exposed 10 times longer than in (8). Dilution confirms the presence of the protein product of the AC4 construct. Molecular mass markers are given at left in kilodaltons. (D) Mobility shift assay of in vitro-synthesized proteins. Lane 1, no protein extract (-); lane 2, product of reactions using pR4 in antisense orientation as template (A); lane 3, full-length recombinant PFI; lanes 4, 5, 6, and 7 are AC1, AC2, AC3, and AC4 C-terminal deletions of recombinant PFl, respectively. End-labeled 300-bp oat PHYA3 gene promoter fragment containing PEI region (position -415 to -116 bp; see sequence in Figure 4 ) was used as the probe. Equal amounts of 35S-labeled protein (normalized for the number of methionines present in each construct) were applied to each lane in (8) and (C) and to each reaction in (D) . F, free DNA; 61 and 82 are protein-DNA complexes.
It appears, therefore, that PF1 may possess sequence-selective DNA binding properties leading to preferential interaction with certain AT-rich motifs relative to others. Such selectivity has been observed for other proteins in this class (Churchill and Travers, 1991) . This DNA binding behavior of PF1 is consistent with the observation that a PHYA3 promoter fragment that contains the two upstream AT-rich motifs (-374 to -385 and -387 to -396) , but is mutated in the PE1 motif, has only background activity in a transfection assay (Bruce et al., 1991) . We suggest that the higher affinity of PF1 for PE1 might lead to functionally productive interactions in vivo, whereas the weaker interaction of PF1 with the other AT-rich motifs in the PHYA3 gene promoter may be unproductive.
The size of the pR4 cDNA is similar to the size of its mRNA, indicating that the pR4 cDNA clone is close to full length. Additional observations that support this argument are that we were unable to obtain a larger clone either by rescreening the same rice cDNA library or by amplification of cDNAs by PCR at their 5'end.s. Most directly, protein blot analysis using a polyclonal antiserum raised against the recombinant rice PF1 indicated that the recombinant PF1 made in vitro comigrates on SDS-PAGE with a rice nuclear-extract protein recognized by this antiserum (Figure 3) .
Examination of the predicted sequence of rice PF1 indicates the presence of four repeats of the A-T hook motif, as well as of sequence similarity to histone H1. The A-T hook, also known as the GRP motif, is a DNA binding motif found in the mammalian HMG I-Y chromosomal proteins that is necessary and sufficient for binding to the narrow minor groove of stretches of AT-rich DNA (Reeves and Nissen, 1990; Churchill and Travers, 1991) . Thus, the presence of this motif in PF1 is consistent with its DNA binding behavior. The A T hook motif is repeated three times in mammalian HMG Y and HMG I proteins (Eckner and Birnstiel, 1989; Johnson et al., 1989) and four times in the protein encoded by the soybean SB16 cDNA that also binds to AT-rich DNA (Laux et al., 1991) .
The rice PF1 protein matches in 18 out of 21 positions (residues 28 to 48) a short, published peptide sequence determined for a purified wheat protein designated HMGa (Arwood and Spiker, 1990) . This wheat protein has also recently been found to contain A-T hook motifs and other regions of sequence similarity to PF1 but is smaller (26 kD) on SDS gel electrophoresis (B. Wakim and S. Spiker, personal communication) . Together with the observation that the purified wheat HMGa protein binds preferentially to AT-rich DNA tracts (Pedersen et al., 1991) , the data suggest that HMGa could be functionally as well as structurally related to PF1. We have also isolated an oat cDNA clone, p02, from an expression library by the same DNA binding method used in the present paper. p 0 2 encodes an AT hook-containing protein, designated oat PF1, that has high sequence similarity to rice PF1 (J. Nieto-Sotelo and PH. Quail, unpublished data).
AT-rich sequences that have been shown to have a functional role in the stimulation of transcription of a number of different genes have been found in yeast (Struhl, 1985) , animals (Fashena et al., 1992; Thanos and Maniatis, 1992) , and plants Bruce et al., 1991; Czarnecka et al., 1992; Wang et al., 1992) . A larger number of plant gene promoters have been reported to contain AT-rich regions to which nuclear proteins bind in vitro (Bustos et al., 1989; Datta and Cashmore, 1989; Forde et al., 1990; Lam et al., 1990; Pedersen et al., 1991; Cushman and Bohnert, 1992; Czarneckaet al., 1992; Echeverriaet al., 1992) . In some of these systems, these AT-rich DNA binding proteins have been biochemically characterized as having the operational features of HMG proteins (Maier et al., 1990; Pedersen et al., 1991; Czarnecka et al., 1992) . In soybean leaf and nodule nuclei, these AT-rich DNA binding proteins have been proposed to be HMG I-like proteins (Jacobsen et al., 1990) , and more recently cDNA clones encoding HMG Y-like proteins that bind to d(AT) tracks 5' to soybean seed protein genes have been cloned (Laux et al., 1991) . A tobacco cDNA clone encoding 3AF1, a nuclear factor that binds an AT-rich element very similar to PE1 in the ribulose bisphosphate carboxylase small subunit rbc93A promoter, has been isolated (Lam et al., 1990) . 3AF1 requires metal to bind DNA and is proposed to contain zincfingerlike DNA binding domains (Lam et al., 1990) . 3AF1 lacks consensus A-T hooks and shows no significant sequence similarity to either rice PF1 or human HMG I and HMG Y proteins. Together, the above data indicate that two different families of DNA binding proteins may interact with AT-rich DNA in plant promoters: the HMG-like family and the 3AF1 type.
How many A-T hooks are necessary for high-affinity DNA binding? It has been observed that a synthetic oligopeptide having the sequence of just one A-T hook binds to DNA in a manner similar to intact HMG I proteins (Reeves and Nissen, 1990; Churchill and Travers, 1991) . However, the binding of the synthetic peptide to DNA showed dissociation constant (Kd) values severa1 orders of magnitude higher (10 FM) than the Kd for intact HMG I proteins (1 nM). These results suggest a cooperative interaction between the multiple A-T hooks present in a given HMG I molecule in its binding to DNA (Reeves and Nissen, 1990) . Our preliminary experiments with C-terminal deletions of rice PF1 indicated that the presence of the two N-terminal A-T hooks is sufficient for this protein to bind DNA with high affinity (Figure 10) . However, the data lack the resolution necessary to determine whether removal of one or both of the remaining N-terminal A-T hooks would reduce this affinity.
Rice PF1 contains a stretch of 11 amino acids that are present in mammalian HMG I but not HMG Y proteins (amino acid residues 109 to 119 of rice PF1). The function of this domain is not known but it has been speculated that it could be a dimerization domain for the formation of homodimers and/or heterodimers due to its hydrophobic character (Eckner and Birnstiel, 1989) . It is possible that this domain of PF1 could be involved in protein-protein interactions, perhaps with other factors involved in transcriptional activation.
The elucidation of the function of HMG I and HMG Y proteins in mammals has just begun. It is known that these chromosomal proteins are expressed at elevated levels in proliferating, undifferentiated cells and may be implicated in cell division in vivo and in the maintenance of the undifferentiated state (Johnson et al., 1990; Manfioletti et al., 1991) . Recently, the direct involvement of HMG I and HMG Y proteins in transcription has been established in mammalian cells. It was demonstrated that HMG I proteins bind to poly d(A-T)-rich upstream activator sequences that are regulatory components in the expression of the lymphotoxin gene in murine cells (Fashena et al., 1992) . Also HMG I-Y proteins are required along with NF-KB for virus induction of the human interferon-p gene (Thanos and Maniatis, 1992) . HMG I-Y proteins also antagonized histone H1-mediated general repression of transcription in an in vitro T7 RNA polymerase transcription assay, suggesting a possible role in chromatin opening (Zhao et al., 1993) .
l h e region in which rice PF1 shows a high degree of similarity to the published wheat HMGa peptide sequence (Arwood and Spiker, 1990) resides in the N-terminal domain where rice PF1 shows the highest degree of similarity (10 identical amino acids of 21) to wheat histone H1 (Brandt and Von Holt, 1986) , pea histone H1 (Gantt and Key, 1987) , and chicken histone H5 (Wu et al., 1986) . The protein encoded by the soybean SB16 cDNA also resembles pea histone H1 in the N-terminal 50 amino acids (Laux et al., 1991) . H1 histone proteins are presumed to play a major role in the formation of chromatin higher order structure, specifically in the formation of the chromatosome (Pederson et al., 1986) . Unlike the histone proteins that form the octamer in the core particle, H1 histones are known to be a heterogeneous group of proteins that differ also in their ability to condense chromatin (Cole, 1984) . Recently, H1 histones have been shown to regulate transcription as repressors by altering the available linker DNA and therefore regulating the interaction of transcription factors with the promoter (reviewed by Grunstein, 1990) . The significance of the similarity of rice/oat PF1, wheat HMGa, and soybean SB16 proteins to both H1 histone and HMG I-Y proteins remains to be explored.
It is conceivable that their resemblance to histone H1 may allow these proteins to interact with the chromatin in a manner similar to histone H1. Does PF1 have a role in transcriptional activation? The primary evidence favoring such a role is that PF1 binds in an apparently sequence-selective fashion to the functionally defined PE1 element and does not bind efficiently to mutant derivatives of this element that are functionally inactive in gene transfer experiments (Bruce et al., 1991) . However, this question is yet to be addressed directly by domain swapping experiments with the different regions of the factor to assay for possible activator domains. lnspection of the predicted PF1 sequence indicates the lack of acidic activation domains common in many eukaryotic transcription factors (Ptashne, 1988) . A proline-rich region in the transcription factor CTWNF-1 has been found to function as an activator domain (Mermod et al., 1989) . It is not clear what the functional significance of the proline-rich regions in PF1 may be, whether as activation domains, as DNA binding domains, or both. Most likely, however, PF1 may be involved in activation of transcription through its synergistic interactions with other factors, a common mechanism in eukaryotes (Herbomel, 1990 ). This notion is strongly supported by experiments with the rice transient expression assay that showed that both the PE1 and PE3 regions are necessary for high-leve1 expression in low-Pfr cells Bruce et al., 1991) . Our earlier model predicts such synergistic interaction between PF1 and PF3, the factor or factors that bind PE3 (Bruce et al., 1991) .
In the rice PHYA promoter, the PE1 element is not present. Instead, an element, designated GT2 box, is found upstream of the TATA box and the PE3 element (Dehesh et al., 1992) . The GT2 box has been shown to be essential along with the TATA box and PE3 element for expression in the context of the rice PHYA promoter (Dehesh et al., 1990) . A cDNA encoding the GT2 box binding protein, designated GT-2, has been isolated and sequenced (Dehesh et al., 1990 (Dehesh et al., , 1992 . Analysis of the predicted structure of the protein encoded by this cDNA indicates that it contains a new class of DNA binding motif designated as the trihelix motif (Dehesh et al., 1992) . Thus, although PF1 and GT2 are totally different proteins that bind to different elements in their respective promoters, they would seem to be involved in transcriptional regulation by means of similar interactions with PF3, TATA box-associated factors, or other components of the transcriptional machinery.
The evidence presented here indicates that rice PF1 is a member of a relatively new class of DNA binding proteins that have the potential to function in transcriptional activation through recognition of AT-rich target sequences. Direct verification of this potential role must await further analysis, such as that provided by in vitro transcription assays.
METHODS
Plant Material and Growth Conditions
Soaked rice (Oryza sativa IR36) seeds were grown on moist termiculite at 26OC in the dark for the periods indicated. Harvesting of tissue took place under green safe light.
RNA lsolation
Total RNA was isolated from 7-day-old dark-grown seedlings. Using scissors, the top 2 to 3 cm of shoot tissue was harvested, immediately weighed, frozen under liquid nitrogen, and kept at -8OOC until RNA isolation. Total RNA was isolated by the method of Rochester et al. (1986) . Poly(A)+ RNA was selected by oligo(dT) cellulose chromatography, as described previously by Theologis et al. (1985) .
Construction and Screening of cDNA Library
A cDNA library was constructed using a commercially available cDNA synthesis kit (Promega), EcoRl adaptors (Promega), and hgtll arms (Stratagene). Starting with 4 pg of poly(A)+ RNA, 1.6 wg of cDNA was obtained. From 50 ng of cDNA ligated to hgtll arms, 12.8 x 106 recombinant phage were obtained.
Screening of the cDNA library was done by the method of Vinson et al. (1988) using a double-stranded O-PE1 probe that was prepared by annealing two complementary synthetic oligonucleotides 5'-GGC-TGGAAATAGCAAATGTTAAAAATAAA-3' and 5'-AGCCTTTATTTTTAA-CATTTGCTATTTCC-3'that were previously gel purified. After annealing, oligonucleotides were phosphorylated with kinase, ligated, and radiolabeled with phosphorus-32 and a nick translation kit (Amersham) using standard techniques to a specific activity of at least 108 cpmlmg of DNA (Sambrook et al., 1989) . A total of 750,000 recombinant phages was screened, and two positive clones were obtained after three rounds of screening. Characterization of the DNA binding properties of protein made by recombinant phage was performed using afilter binding assay by comparing the binding of the oligonucleotide of PE1 (O-PE1) probe to mutant probes. Filters were incubated in the presence of equal amounts of cpm of probes that were radiolabeled to comparable specific activities. Mutant probes were synthetic double-stranded oligonucleotides 0-614 (5'-GGCTGCTCGAGTCAAATGTTAAAAATAAA-3' and AAATAGGCTCG AGTAAAAATAAA-3' and 5'-AGCCTTTATTTTTACTCG-AGCCXATTTCC-3'), and 0-616 (5'-GGCTGGAAATAGCAAATGTGCXCG-AGTAA-3' and 5'-AGCCTTACTCGAGCACATTTGCTATTTCC-3? that were prepared in a manner similar to O-PEl. DNA bound tofilters containing blotted phage protein was estimated by liquid scintillation counting and by autoradiography. cDNA inserts were subcloned as EcoRl fragments in two orientations in the EcoRl site of pBluescript SK+ vector (Stratagene) for sequence analysis, and in the pP0-9 vector for overexpression of the encoded protein in fscherichia coli (for more details, see the section entitled Expression of PF1 Protein in Bacteria and Protein Extract Preparation). Gel blot analysis was conducted as described previously by Colbert et al. (1985) using 1.25 pg of poly(A)+ RNA per lane.
Rice Nuclear Extract Preparation
Harvesting and homogenization of tissue were conducted under green safe light at 4°C. The top 2 to 3 cm of the shoot of 13-day-old rice seedlings was harvested (50 g) and homogenized in 200 mL of extraction buffer (1 M hexylene glycol, 10 mM Pipes-KOH, pH 7.0, 10 mM MgC12, 5 mM 2-mercaptoethanol, 0.8 mM phenylmethylsulfonyl fluoride) (Watson and Thompson, 1986 ) in a blender (Waring, New Hartford, CT) fitted with a tower of new razor blades (Kannangara et al., 1977) . The homogenate was filtered through 1000-, 149; and 62-vm poresized nylon mesh (Small Parts, Inc., Miami, FL) wetted in extraction buffer. The filtrate was adjusted to 0.5% Triton X-100, sedimented at 30009 for 10 min, and resuspended in 16 mL of gradient buffer (0.5 M hexylene glycol, 10 mM Pipes-KOH, pH 7.0, 10 mM MgC12, 5 mM 2-mercaptoethanol, 0.5% Triton X-100, 0.8 mM phenylmethylsulfonyl fluoride) (Watson and Thompson, 1986) . Resuspended material was sedimented again at 30009 for 5 min, resuspended in 2 mL of gradient buffer; 670 pL of 80% glycerol was added, and samples were frozen at -80%. lsolated nuclei were thawed on ice, spun at 30009 for 5 min, and resuspended in 2 mL of nuclei freezing buffer; nuclear extracts were prepared as described previously by Bruce et al. (1991) . Protein concentration was estimated by the Bradford assay (Bradford, 1976) .
Expression of PF1 Protein in Bacteria and Protein Extract Preparation
The cDNA insert from recombinant kgtll bacteriophage 1134 was subcloned as an EcoRl fragment into plasmid vector pP0-9 (Rottmann et al., 1991) , which is a modified version of the pET-3a vector originally described by Rosenberg et al. (1987) . Vector pP0-9 keeps the EcoRl cDNA insert in the same frame as it was in the original kgtll phage and, as its parent plasmid pET-Sa, expression of the cDNA is under the control of a T7 promoter. Sense and antisense orientation versions of pR4 cDNA insert subcloned in pP0-9 were transformed into E. coli BL21(DE3) cells. Transformed bacteria were induced with 1 mM isopropyl-b-D-thiogalactopyranoside (IPTG) at an OD of 600 nm between 0.5 to 1.0 for 3 hr, harvested, and resuspended in 1 x binding buffer (20 mM Hepes, pH 7.9, 3 mM MgCLp, 40 mM KCI, 1 mM DTT, 20% glycerol, 1 pglmL leupeptin, 1 pglmL antipain). Protein extracts were obtained by freezing and thawing three times between liquid N2 and room temperature followed by sonication on ice. The suspension was centrifuged at 80,000 rpm for 20 min at 4OC (TL 100 ultracentrifuge and rotor TLA100.3; Beckman), and the supernatant fraction was saved and stored in small aliquots at -80%. Protein concentration was measured by the Bradford assay (Bradford, 1976) .
DNA Binding Assays in Vitro
Protein Blot Probed with DNA Assay Protein extracts were resolved in 11% polyacrylamide-SDS gels and transferred to nitrocellulose. Blots were denaturedlrenatured with guanidine-HCI, hybridized to nick-translated O-PE1 catenated doublestranded oligonucleotides for 3 to 4 hr at 4OC, washed, and autoradiographed as described by Vinson et al. (1988) .
Mobility Shift Analysis
Protein extracts were incubated in 1 x binding buffer with 1 to 4 pg of salmon sperm DNA and an end-labeled probe at room temperature for 15 min. Samples were analyzed by electrophoresis on 6% or 10% polyacrylamide gels in 1 x Tris-borate-EDTA buffer. End-labeled probes were a 300-bp fragment of the oat phytochrome A3 gene (fHYA3) promoter (-415 to -116 relative to transcription start site) or linker substitution mutants of this same 300-bp promoter fragment. The 300-bp native promoter probe corresponds to the BamHI-Sal1 fragment of clone 449 , whereas the linker substitution mutants correspond to the BamHI-Sal1 300-bp fragments of clones 614, 615, and 616 (Bruce et al., 1991) .
DNase I Footprinting Assays
Plasmid DNA used as a source of probe was clone 449: Clone 449' was obtained by introducing a Sal1 site to the 449 clone by polymerase chain reaction at positions -301 to -306 bp. The 119-bp BamHI-Sal1 fragment was subcloned into pBluescript SK+. The resulting subclone was named 449: Plasmid DNA from subclone 449' was linearized with BamHI. Ends were radiolabeled by filling in with the Klenow fragment of DNA polymerase I in the presence of a-32P-dGTP and a-3'P-dATP and chased with 2.5 mM of unlabeled deoxynucleotide triphosphates. A 259-bp DNA insert was released with Pvull and purified by agarose gel electrophoresis. This fragment contains 109 bp of the oat PHYA3 gene promoter (positions -415 to -307), 6 bp of the introduced Sal1 fragment, and 144 bpof the pBluescript SK+ sequences between the Sal1 and Pvull sites at position 532 of pBluescript SK+. The fragment was eluted from the gel, phenolkhloroform extracted, ethanol precipitated, and resuspended in 10 mM Tris, pH 8.0, 20 mM NaCI. 1 mM EDTA. The resulting probe was labeled on the bottom strand at the BamHl end. The footprinting reaction was performed as described previously by Bruce et al. (1991) using 1 pg of salmon sperm DNA as nonspecific competitor DNA instead of poly(d1-dC). G and G+A reactions were performed according to the method of Maxam and Gilbert (1980) .
Antibody Production
PF1 overproduced in E. coli was purified by electroelution after electrophoretic separation in preparative SDS-polyacrylamide gels and injected into three Swiss Webster mice to raise anti-PF1 polyclonal antibodies, as described by Hunter et al. (1990) . Production of the polyclonal antibody was performed at the University of CaliforniaBerkeley Hybridoma Facility.
Protein Gel Blotting
Proteins were separated electrophoretically on SDS-polyacrylamide gels (Laemmli, 1970) . After blotting onto nitrocellulose membranes, the filter was blocked overnight at 4°C in milk buffer (4% powdered milk, 20 mM Tris, pH 7.5, 0.15 mM NaCI, 0.15% Nonidet P-40). Incubation with primary antibody (1:7500 dilution in milk buffer) depleted of E. coli-reactive antibodies was for 3 hr at room temperature followed by three 10-min washes with milk buffer. lncubation with secondary antibody (goat anti-mouse alkaline phosphatase-conjugated antibody [Promega] ) at a 15000 dilution in milk buffer was for 1 hr followed by three washes in milk buffer and development of alkaline phosphatase activity in 100 mM Tris, pH 8.9, 100 mM NaCI, 5 mM MgC12, 75 pglmL 5-bromo-4-chloro-3-indolyl phosphate, 150 pglmL nitro blue tetrazolium.
Coupled in Vitro Transcription-Translation
Subcloning into the pP0-9 vector of C-terminal deletion derivatives of pR4 cDNA in pBluescript SK+ was done by cutting each deletion derivative with Mlul and Pvull generating a DNA fragment with a 5' end at bp 51 of the cDNA and a 3' end at the Pvull site proximal to the Sacl site of pBluescript SK+. These fragments contain the 3'end of each deletion derivative cDNA plus 218 bp of pBluescript SK+ vector sequences between the Sacl site and Pvull site. The resulting Mlul-Pvull fragment was ligated to a pR4 cDNA fragment cloned in pP0-9 previously cut with Mlul and BamHl (blunt ended). This procedure regenerates a pP0-9 vector containing a C-terminal deletion derivative of the original pR4 cDNA insert with stop codons provided by the pBluescript SK+ sequences between the Sacl and Pvull sites. Plasmid DNA from pR4 cDNA or C-terminal deletion derivatives ACl, AC2, AC3, and AC4 subcloned in pP0-9 vector were transcribed and translated in vitro in the presence of 35S-methionine using a coupled in vitro transcription-translation kit (TNT lysate; Promega). Products were analyzed by autoradiography after electrophoretic separation on a Tricine SDS-polyacrylamide gel system (Schagger and Von Jagow, 1987) followed by blotting to nitrocellulose membrane (Millipore Corp.). Synthesized protein was estimated by measuring incorporation of Sulfur-35 in the TCA-precipitable fraction by liquid scintillation counting. Both pR4 cDNA and C-terminal deletion derivatives expressed from pP0-9 are predicted to contain 20 extra amino acids at their N-terminal end as a result of translation being initiated from ATG in the vicinity of the pP0-9 EcoRl cloning site. Therefore. all in vitro-translated constructs initiate with the following sequence at their N terminus: MASEFRCCRSLPLFTPRLTP. In addition, C-terminal deletion derivatives are predicted to have a few extra amino acids at their C terminus dueto the position of the nearest stop codon in the original pBluescript SK+ vector from where these cDNA inserts carne. Deletion AC1 has eight extra amino acids at the C terminus: GSSSFCSL. Deletions AC2 and AC4 have 12 extra amino acids at the C terminus: GGAPAFVPF-SEG. Deletion AC3 has two extra amino acids at the C terminus: EG.
DNA Sequencing and Sequence Analyses
The nucleotide sequence of the cDNA insert subcloned into the pBluescript SK+ vector was determined on both strands by the dideoxy chain terminating method (Sanger et al., 1977) as modified for sequencing double-stranded DNA preparations (Seto, 1990) using Sequenase (U.S. Biochemical Corp.). Sequence of the coding strand was obtained by generating a series of overlapping 3'deletions using an Exolll-mung bean nuclease kit (Stratagene). Noncoding strand sequence was obtained by using specific synthetic oligonucleotides as the continuing primers. DNA sequence was analyzed using programs of the Genetics Computer Group Sequence Analysis Software Package (Devereux et al., 1984) .
